Abstract. Doxorubicin is an important component of combination therapy for muscle-invasive urinary bladder cancer. Treatment with this topoisomerase II poison is able to interfere with cell cycle progression and lead to cancer cell death. Using FACS analysis, Western immunoblotting and semi-quantitative RT-PCR, we studied the effects of doxorubicin on cell cycle progression and apoptosis, and also explored the possibility of using groups of genes as biomarkers of prognosis and/or response to doxorubicin treatment in human urinary bladder cancer cells. Doxorubicin induced dose-dependent G2/M and/or G1/S cell cycle arrest, followed by grade-and dose-dependent reduction in the amount of the cytosolic trimeric form of FasL, activation of Caspase-8, Caspase-9, Caspase-3, cleavage of PARP, Lamin A/C, Bcl-X L/S and interestingly Hsp90, and finally cell death. Data presented here also suggest the use of the expression patterns of
Introduction
A significant percentage of urinary bladder cancer patients (~20-30%) present with an aggressive tumor of low differentiation, where invasion of the basement membrane has already occurred. The rest of the bladder cancer patients show up with superficial, highly differentiated and non-invasive papillary tumors, 15-30% of which, nevertheless, after transurethral resection of the primary tumor, will develop invasive disease. Eventually, in less than two years, more than 50% of the invasive tumors will develop distant metastases (1, 2) . This apparent heterogeneity in bladder cancer is thought to be mainly due to discrete genetic alterations involved in tumor development and progression (3) (4) (5) . Further elucidation of the course of tumor progression and grade-dependent response to therapy could, therefore, be of great help in the classification of tumors into distinct clinically relevant groups for an effective individualized treatment that should have a significant impact on the management of the disease.
Topoisomerase II has proved to be a successful drug target because of its indispensable cellular function and its lack of biological redundancy. Topoisomerases II· and IIß are ATPdependent endonucleases, also bearing ligase activities. Functioning mainly as homodimers, they generate cleavages in both DNA strands and then they covalently bind to the new DNA 5'-ends ligating the double strand nicks with concurrent ATP hydrolysis. Due to this mode of action, topoisomerase II activity is required at several points in DNA metabolism, such as transcription, replication, chromosome condensation and segregation (6,7). Topoisomerase II· expression was shown to be regulated during the cell cycle, becoming detectable in late G1-phase and then gradually increasing to a peak in G2/M, while the enzyme was found to be a reliable proliferation marker (8) .
Doxorubicin constitutes an important component of combination therapy for muscle-invasive transitional cell urinary bladder cancer (9, 10) . This drug belongs to the group of anthracycline antibiotics and functions as a topoisomerase II poison. Its cytostatic and cytotoxic actions have been attributed to a number of distinct mechanisms, such as intercalation into DNA with consequent inhibition of macromolecular biosynthesis (11) , free radical formation with consequent induction of DNA damage or lipid peroxidation (12, 13) , DNA binding and alkylation (14) , DNA cross-linking (15) , interference with DNA unwinding or DNA strand separation and helicase activity (16) , direct membrane effects (17) and, of course, topoisomerase II inhibition (6) . Nevertheless, at clinically relevant concentrations there are serious arguments against the action of doxorubicin through the pre-mentioned mechanisms, with topoisomerase II functional inhibition being the only exception (18) . When targeting topoisomerase II, doxorubicin acts by stabilizing a reaction intermediate in which DNA strands are first cleaved and then covalently linked to certain tyrosine residues of the enzyme, eventually impeding DNA resealing. Therefore, the formation of doxorubicin-DNA-topoisomerase II ternary complexes leads to the generation of irreversible double strand breaks and finally to the induction of cell death (6, 8) . Although the molecular events from the generation of double strand breaks to the implementation of the cell death process by necrosis, apoptosis and/or autophagy are still insufficiently explored, several observations unambiguously demonstrate that the drug-mediated inhibition of topoisomerase II is able to induce distinct modes of arrest at different checkpoints of the cell cycle (19, 20) . Topoisomerase II poisons appear to be particularly toxic during Sphase, when replication forks and transcription complexes are both present, whereas cell cycle arrest at G1/S and a transient S-phase block have also been identified, independently of the p53 status of the cells (20) . Besides the various cell cycle blocks, inhibitors of topoisomerase II have been reported to induce both the stress-activated protein kinase and the apoptotic pathways. In the whole process, activation of JNK and p38, but not ERK1 or ERK2, kinases was involved, with subsequent induction of a series of stereotypic morphological changes characteristic of apoptosis. These included loss of cell volume, hyperactivity of the plasma membrane, condensation of peripheral heterochromatin, and cleavage of the nucleus and cytoplasm into multiple membrane-enclosed bodies (21) . The implementation of the apoptotic program seems to be regulated, among others, by FasL expression, release of Cytochrome c to the cytosol, activation of Caspase-3 and cleavage of genomic DNA into high molecular weight fragments (22) .
In this context, herein, we have thoroughly studied the regulation of cell cycle progression and apoptosis in response to different doses of doxorubicin treatment in two human urinary bladder cancer cell lines of different malignancy grade, namely RT4 (grade I) and T24 (grade III). Moreover, the potential of some of the examined genes to serve as putative biomarkers of prognosis as well as for the reliable monitoring of response to doxorubicin treatment was investigated in RT4 and T24 cancer cells.
Materials and methods
Drugs and reagents. The chemotherapeutic drug doxorubicin was obtained from EBEWE Arzneimittel GmbH (Unterach, Austria), while taxol was supplied by Bristol-Myers Squibb Company (NY, USA). Polyclonal and monoclonal antibodies against Caspase-3 (polyclonal: #9662), Caspase-8 (monoclonal: #9746), Caspase-9 (polyclonal: #9502), PARP (polyclonal: #9542), Lamin A/C (polyclonal: #2032), Bcl-X L/S (polyclonal: #2762) and Pan-Actin (polyclonal: #4968) were purchased from Cell Signaling Technology Inc. (Hertfordshire, UK), whereas antibodies against FasL (polyclonal: SC-834) and Hsp90·/ß (monoclonal: SC-13119) were supplied by Santa Cruz Biotechnology Inc. (CA, USA). ECL Western blot detection reagents were obtained from Amersham Life Sciences (Buckinghamshire, UK). Oligonucleotide primers were synthesized by Operon (CA, USA) and Metabion (Martinsried, Germany). All other chemicals were of analytical grade from Sigma-Aldrich (MO, USA), Fluka (Hannover, Germany) and AppliChem GmbH (Darmstadt, Germany).
Cell lines and culture conditions. The present study was performed on two human urinary bladder cancer cell lines, namely RT4 and T24, both originating from transitional cell carcinomas. RT4 cells harbor a wild-type p53 gene, they are derived from grade I tumor and were obtained from the European Collection of Animal Cell Cultures (Salisbury, UK), whereas T24 cells contain a p53 gene mutation, they are derived from grade III tumor and were a generous gift from Professor J.R. Masters (Prostate Cancer Research Centre, Institute of Urology, University College, London, UK). Cells were maintained in DMEM, supplemented with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), sodium pyruvate (1 mM), sodium bicarbonate (50 mM), non-essential amino acids (1X) and 10% heat-inactivated FBS, at 37˚C in a humidified 5% CO 2 atmosphere and were successively split with the help of 0.25% trypsin plus 0.02% EDTA. All cell culture media and reagents were supplied by Biochrom AG (Berlin, Germany).
MTT cytotoxicity assay. The MTT assay is based on the conversion of the yellow methylthiazole tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] to purple formazan crystals by metabolically active cells containing functional mitochondria and provides a quantitative determination of viable cells. Cells were seeded at a density of 15-20,000 per well into 48-well plates and allowed to adhere for 24 h. Then, cells were treated with various drug concentrations for 24 h. The next day, cells were washed twice with PBS and incubated for 4 h in MTT solution at 37˚C in a humidified 5% CO 2 atmosphere. The formazan crystals that formed were solubilized in 200 μl of isopropanol with the help of a shaking platform at room temperature for 10 min. The spectrophotometric absorbance was measured in an ELISA microtiter plate reader (Dynatech MR5000, Dynatech Laboratories, VA, USA) at 550 nm, using measurement at 630 nm as reference. Absorbance given by untreated cells was taken as 100% cell survival. Each assay was repeated at least three times using three wells per drug concentration in each experimental condition.
Cell cycle analysis.
For analysis of the cell cycle, RT4 and T24 cells were seeded at a density of 5x10 5 cells approximately in 30 mm plates and allowed to grow for 24 h. The next day, appropriate drug treatments were carried out for 24 h and the cells were washed with ice-cold phosphate-buffered saline (PBS) and collected in Falcon tubes after having been scraped with the help of rubber policemen. After two washes in PBS at 4˚C, cells were fixed in 1% methanol-free formaldehyde for 20 min, washed again in ice-cold PBS and left overnight in 70% ethanol at -20˚C to dehydrate. The day after, the cells were washed twice in PBS, transferred in Eppendorf tubes, resuspended in 1 ml of 0.1% Triton X-100, washed twice with PBS and incubated for 30 min in 500 μl of propidium iodide solution (50 μg/ml) containing 250 μg of DNase-free RNase A. Then, cells were analyzed using flow cytometry, in a Beckton Dickinson's FACScaliber (CA, USA) at 542 nm, using the Modfit software program.
Whole cell extract preparations. Following the indicated drug treatments and after mild scraping, cells were transferred in Falcon tubes, washed three times with ice-cold PBS and immediately resuspended in freshly prepared ice-cold 1X lysis buffer (10 mM Tris-base, 50 mM NaCl, 5 mM Na 2 EDTA2 H 2 O, 1% Triton X-100, 30 mM Na 4 P 2 O 7˙1 0 H 2 O, 50 mM NaF, 0.2 mM Na 3 VO 4˙H2 O and 1 mM PMSF, adjusted to pH 7.6 at 4˚C), wherein they remained for 2 h at 4˚C, under conditions of smooth shaking. The lysates were clarified by centrifugation at 12,500 rpm for 30 min. The clear supernatant was transferred to a new Eppendorf tube, protein content was quantitated by the method of Bradford and, after the addition of an equal volume of 2X Laemmli buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 200 mM DTT, 20% glycerol and 0.2% bromophenol blue), aliquots of the produced whole cell extracts were stored at -30˚C for not more than six months.
Immunoblotting. Whole cell extracts (~30 μg) were resolved under denaturing conditions by SDS-polyacrylamide gel electrophoresis in 10-15% gels and subsequently electrotransferred overnight onto nitrocellulose membranes of 0.45 μm pore size (Schleicher and Schuell GmbH, Dassel, Germany). In order to avoid non-specific antibody interactions, membrane blocking was performed in TBST (20 mM TrisHCl, pH 7.6, 137 mM NaCl and 0.1% Tween-20) containing 5% non-fat dry milk (or 5% BSA grade V where appropriate) at room temperature for 1.5 h, under constant shaking conditions. After three brief washings with TBST, the membranes were incubated with the appropriate antibodies at room temperature for 1.5 h, followed by an overnight incubation at 4˚C, under constant shaking conditions. After six washings with TBST of 10 min each at room temperature, the membranes were incubated with the appropriate anti-mouse or anti-rabbit HRPconjugated secondary antibody at room temperature for 2 h, under constant shaking conditions. After extensive washings (6 times x 15 min each) with TBST at room temperature, the examined antibodies were detected using an ECL Western blotting kit according to manufacturer's instructions.
RT-PCR analysis. After the appropriate drug incubations, total RNA from both control and treated cells was extracted using TRIzol reagent (Invitrogen, CA, USA), according to the manufacturer's instructions. Total RNA (1 μg) was used for first strand cDNA synthesis in a final volume of 20 μl, using an Oligo-dT (20mer) primer (Invitrogen) and MMLV reverse transcriptase (Invitrogen). After bringing the 20 μl of the final cDNA preparation to 100 μl (i.e., dilution 1:5), 1 μl of cDNA solution was amplified by PCR in a total volume of 25 μl, using cDNA-specific primers corresponding to the various mRNA species examined in the present study. The obtained PCR fragments were resolved in 2-3% agarose gels, according to standard procedures. The respective names, nucleotide sequences, molecular sizes of amplified products, annealing temperatures and numbers of reiterative PCR cycles for all the utilized cDNA primers are summarized in Table I .
Results
Grade-specific sensitivity of human bladder cancer cell lines to doxorubicin. To quantify the biological effect of doxorubicin on the survival of human urinary bladder cancer cell lines RT4 (grade I) and T24 (grade III), an MTT assay was performed on cells incubated with doxorubicin for 24 h. In both cases, a dose-dependent significant decrease in cell viability was observed. In RT4 cells, viability decreased tõ 66%, 53% and 37% of control (mean values) in the concentrations of 1, 10 and 50 μg/ml of doxorubicin, respectively, whereas in T24 cells, in the same concentrations, the percentage of survival dropped to ~88%, 66% and 51% of control (mean values) (Fig. 1) . These data strongly suggest that both cell lines display a dose-dependent sensitivity to Table I. Names, primer sequences, sizes of PCR products and PCR conditions for genes involved in the regulation of cell  cycle and apoptosis included in the RT-PCR-based expression analysis.  -----------------------------------------------------------------------------------------------------Gene name  Primer sequence  Length of PCR  Temperature  No. of cycles  product (bp)  (˚C)  -----------------------------------------------------------------------------------------------------Cyclin-E1  F: 5'-GTA TCA GTG GTG CGA CAT AG-3'  188  55  30  R: 5'-ACA ACA TGG CTT TCT TTG CTC-3'   Cyclin-E2  F: 5'-GGA GTG GGA CAG TAT TTC AG-3'  259  55  30  R: 5'-TTT TCA GTG CTC TTC GGT GG- -CCG TTT TCG ACC CTG AGA G-3'   GADD45A  F: 5'-CGT TTT GCT GCG AGA ACG AC-3'  236  54  30  R: 5'-GAA CCC ATT GAT CCA TGT AG-3'   p53  F: 5'-GGG ACG GAA CAG CTT TGA GG-3'  240  59  30  R: 5'-TTC AGC TCT CGG AAC ATC TCG-3'   p63  F: 5'-CGA GGT TGG GCT GTT CAT CA-3'  217  57  30  R: 5'-ACT GTA GAG GCA CTG CTT GG-3'   p73  F: 5'-CAC AGT TCG GCA GCT ACA CC-3'  246  56  30  R: 5'-GTA AAT GCT CTG TAA CCC TTG G-3'   GAPDH  F: 5'-TGG TAT CGT GGA AGG ACT CAT GAC-3'  189  55  28  R: 5'-ATG CCA GTG AGC TTC CCG TTC AGC-3'   FasL  F: 5'-CTC TGG AAT GGG AAG ACA CC-3'  325  57  40  R: 5'-ACC AGA GAG AGC TCA GAT ACG- -GTG GTG TTG ATG ATG ACA TGG-3'  224  57  30  R: 5'-AAA GGA CTC AAA TTC TGT TGC C-3'   TRAIL  F: 5'-TGG CTA TGA TGG AGG TCC AG-3'  249  57  30  R: 5'-GTT GCC ACT TGA CTT GCC AG-3'   Tweak  F: 5'-GGA AAA CAC GGG CTC GAA GA-3'  239  57  30  R: 5'-CTT CAG GTA GAC AGC CTT CC-3'   Fas  F: 5'-GGA TGA ACC AGA CTG CGT G-3'  371/308  55  30  R: 5'-CTG CAT GTT TTC TGT ACT TCC-3'   DR4  F: 5'-CTT CAA GTT TGT CGT CGT CG-3'  519  55  30  R: 5'-ATG CAA CAA CAG ACA ATC AGC-3' Table I. Continued.  -----------------------------------------------------------------------------------------------------Gene name  Primer sequence  Length of PCR  Temperature  No. of cycles  product (bp)  (˚C)  -----------------------------------------------------------------------------------------------------DR5  F: 5'-CAA CAA GAC CTA GCT CCC CA-3'  497/417  55  30  R: 5'-ACG GCT GCA ACT GTG ACT C-3'   Tweak-R  F: 5'-CTG GAC AAG TGC ATG GAC TG-3'  199  55  30  R: 5'-TGG TGA ACT TCT CTC TCC TG- 
doxorubicin, while T24 cells are more resistant to the drug than RT4.
Doxorubicin-induced inhibition of cell cycle progression.
In order to investigate the cytotoxic effects of doxorubicin upon cell cycle course of RT4 and T24 cells, the DNA content of the cells was analyzed using flow cytometry and thus, the derived information was used to investigate the phase distribution of the cell cycle. RT4 cells revealed a cell cycle distribution typical of that for rapidly proliferating cells, with an average of ~60% of cells featuring a 2n DNA content, corresponding to G0/G1-phase, ~17% of cells revealing a 4n DNA content (G2/M) and ~23% exhibiting a DNA content of between 2n and 4n, corresponding to the S-phase ( Fig. 2A, upper panel) . A similar situation was observed in T24 cells as well, where an average of 48% of cells was found in G0/G1-phase, ~25% of cells were in G2/M, whereas ~27% of cells were detected in S-phase (Fig. 2B, upper panel) .
Upon treatment of RT4 cells with the lower concentration (1 μg/ml) of doxorubicin, an obvious G2/M arrest was induced, with cells in G2 reaching ~33% from ~17% in the control ( Fig. 2A, middle panel) . Interestingly, the higher dose (10 μg/ ml) of doxorubicin induced G1/S arrest (G1-phase: from ~60% in the control to ~68% in treated cells), accompanied by a strong S-phase block (S-phase: from ~6% in the lower dose to ~23% in the higher dose) ( Fig. 2A, bottom panel) .
Similarly, in T24 cells, the lower doxorubicin concentration (1 μg/ml) induced G2/M arrest (G2-phase: from ~25% in the control to ~35% in the treated cells), accompanied by a clear S-phase block (S-phase: from ~27% in the control to ~40% in the treated cells) (Fig. 2B, middle panel) , whereas in the higher drug concentration (10 μg/ml), a clear G1/S arrest was induced (G1-phase: from ~48% in the control to ~58% in the higher dose). As with RT4 cells, this was accompanied by an S-phase block (S-phase: from ~27% in the control to ~42% in the higher dose) (Fig. 2B, bottom panel) .
Grade-and dose-dependent activation of apoptotic machinery in response to doxorubicin. In both RT4 and T24 cell lines, the initiator pro-Caspase-8 and -9, as well as the precursor of the major effector protease of apoptosis Caspase-3, were found to be cleaved specifically, after doxorubicin treatment in a dose-dependent fashion, as unambiguously evinced by the generation of their respective proteolytic fragments (17 and 19 kDa for Caspase-3; 18, 41 and 43 kDa for Caspase-8; 35 and 37 kDa for Caspase-9) (Figs. 3A and 4A) . Moreover, two characteristic substrates of the activated Caspase repertoire (namely, processed pro-Caspase-3, -6 and -7), PARP and Figure 2 . FACS analysis of cell cycle progression after treatment of human urinary bladder cancer cell lines with 0, 1 and 10 μg/ml doxorubicin for 24 h. (A), In RT4 cells, the lower concentration of doxorubicin induced a G2/M arrest, whereas the higher drug dose resulted in a G1/S arrest accompanied by an S-phase block. (B), In T24 cells, the lower drug concentration induced a G2/M arrest, whereas the higher dose resulted in a G1/S arrest, similarly to RT4 cells. In both cases, an S-phase block was accompanying the drug effect on the cell cycle.
Lamin A/C, both representing nuclear components tightly associated with the integrity of nuclear structure and function, were found to be specifically cleaved in a similar dosedependent manner, thus resulting in the formation of 89 and 28 kDa proteolytic fragments, respectively (Figs. 3A and 4A) .
In RT4 cells, after treatment with the lower dose (1 μg/ml) of doxorubicin, we could observe a significant reduction in the uncleaved protein fraction of inactive (precursor) proCaspase-8, -9 and -3 (35 kDa for Caspase-3; 57 kDa for Caspase-8; 47 kDa for Caspase-9), as well as a slighter one for the Caspase repertoire characteristic substrates PARP and Lamin A/C (116 kDa precursor form for PARP; 70 kDa for Lamin A/C), while one or more cleaved forms of the corresponding proteins were undoubtedly detected. In the higher dose (10 μg/ml) of doxorubicin, the uncleaved precursor proteins were in most cases almost absent, whereas the cleaved products were identified as bands of very high density, compared to the lower dose treatments (Fig. 3A) . The obtained results were qualitatively similar in T24 cells, also exhibiting a dose-dependent proteolytic pattern. However, the extent of the cleavage of the respective precursor proteins and, most importantly, the ensuing generation of their cognate proteolytic fragments (even they both retain their dose-specific character), when compared to the RT4 respective events, were significantly diminished (or even obliterated) in all the examined cellular proteins, with Lamin A/C and Caspase-3 representing the most prominent examples especially in the lower drug concentration (Fig. 4A) . These results strongly suggest that doxorubicin induces dose-and grade-dependent apoptotic death in human bladder cancer cell lines, with RT4 cells being more sensitive to doxorubicin-induced cleavage of target proteins than T24.
In RT4 cells, the inhibitor of apoptosis Bcl-X L (30 kDa) together with the pro-apoptotic short protein isoform Bcl-X S (19 kDa) were observed to be down-regulated in a dosedependent manner after doxorubicin treatment (Fig. 3B) . In T24 cells, Bcl-X L protein was similarly down-regulated in a dose-dependent fashion, whereas a faint band of the Bcl-X S isoform was observed only in the higher concentration of doxorubicin, fitting to the stronger malignancy potential of the T24 cells (Fig. 4B ). These observations clearly indicate that doxorubicin-induced apoptosis in human bladder cancer cells is not only implemented by the activation of Caspase cascade, but also by the cleavage and regulated degradation of certain anti-apoptotic proteins, with Bcl-X L being one of the most characteristic examples.
According to its subcellular localization, the pro-apoptotic ligand FasL exists in two different forms: the transmembrane (mFasL) and the soluble (sFasL). In order to bind and activate its cognate Fas receptor, mFasL has to form tightly crosslinked trimeric species in the cytoplasm, from a cytosolic pool of inactive monomers, which then shuffle to the cell membrane, where they are appropriately assembled into functional double homotrimeric complexes (23, 24) . In both RT4 and T24 cells, the monomeric form of FasL was observed as a protein band of 40 kDa, revealing an invariable dose-independent expression profile (Figs. 3B and 4B). Interestingly, in RT4 cell line, the homotrimeric form of FasL (~120 kDa) was found to decrease in the doxorubicin dose of 1 μg/ml (Fig. 3B ), whereas the lower-dose drug-treated T24 cells seem to retain unaffected the protein amount of FasL trimeric form (Fig. 4B) , thus strongly indicating their relative resistance to apoptotic death under lower doses of doxorubicin treatment. On the contrary, as it is clearly demonstrated, for the first time, in Figs. 3B and 4B, in the presence of 10 μg/ml of doxorubicin, both cell types are characterized by a complete obliteration of the FasL cytosolic homotrimeric form likely shuffling to the cell membrane and thereby harmonically beseeming to their virulent apoptotic profile (25) . The above findings reveal that during doxorubicin treatment the amount of cytosolic trimeric FasL is reduced in a dose-and grade-dependent fashion.
The molecular chaperone Hsp90 plays a significant role in the refolding of denatured proteins and the conformational maturation of nascent polypeptides into biologically active native molecules. Due to these molecular properties and to the multitude of its protein clients, relatively recently, Hsp90 has emerged as a promising target for cancer therapy (26) (27) (28) . In the present study, we have examined the structural integrity of Hsp90 after different doses (1 and 10 μg/ml) of doxorubicin treatment in human bladder cancer cells. In RT4 cells, Hsp90 chaperone (~90 kDa) was found to be specifically cleaved by both drug concentrations used, generating a proteolytic fragment of ~65 kDa (Fig. 3B) . Interestingly, in T24 cells Hsp90 was found to be insensitive (complete absence of any detectable proteolytically processed form) to the same doxorubicin treatments (Fig. 4B ). These novel data strongly dictate, for the first time, that Hsp90 is amenable to a gradedependent regulatory mechanism of doxorubicin-induced apoptotic proteolysis.
Expression analysis of genes involved in the regulation of cell cycle progression and apoptosis.
In an effort to study and compare the biological responses of two human bladder cancer cell lines of differentiation grades I and III to doxorubicin and to possibly identify new biomarkers of grade-dependent response to the drug, we have analyzed expression at the mRNA level of 41 genes (Table I) , through a semi-quantitative RT-PCR approach. The proteins encoded by these genes are critically involved in the regulation of fundamental cellular mechanisms, such as cell cycle and apoptosis.
To this end, we have first analyzed genes involved in the regulation of cell cycle. In RT4 cells treated with 1 μg/ml doxorubicin, the mRNA levels of Cyclin-E1, -E2 and -D, responsible for the G1/S checkpoint, remained constant (Fig. 5) . In contrast, Cyclin-B1, -B2 and -F, which regulate transition from G2-to M-phase (along with p21
Cip1 and GADD45A) were down-regulated, whereas p21
Cip1 and GADD45A were induced. When using 10 μg/ml of doxorubicin in RT4 cells, with the exception of Cyclin-D, the expression of the genes examined was down-regulated (Cyclin-E2 and Cyclin-B1) or completely suppressed (Cyclin-E1, Cyclin-B2, Cyclin-F, p21 Cip1 and GADD45A) (Fig. 5 ). These results are in accord with our findings from the cell cycle analysis experiments ( Fig. 2) , in which the lower concentration of doxorubicin blocked RT4 cells in G2/M-phase, whereas the higher concentration of the drug rather induced a G1/S arrest together with an S-phase block.
In T24 cells, the expression profile of the above genes to doxorubicin did not vary significantly, albeit a few distinct differences could be undoubtedly detected. In the lower doxorubicin concentration, Cyclin-E1 was found to be upregulated, while Cyclin-E2 and -D retained invariable expression levels. At the same time, Cyclin-B1, -B2 and -F, together with p21
Cip1
and GADD45A were all down-regulated. When T24 cells were treated with 10 μg/ml of doxorubicin, the expression levels of Cyclin-E1, -E2 and -F, along with p21
Cip1 and GADD45A were down-regulated, whereas the levels of Cyclin-B1, -B2 and -D remained unaffected (Fig. 5 ). These results in T24 largely agree with our observations from the experiments on cell cycle analysis (Fig. 2) , where the lower concentration of doxorubicin induced a G2/M-phase inhibition accompanied by an S-phase block. On the contrary, the higher concentration of the drug induced a G1/S arrest together with an S-phase block. All the above data strongly support the notion that cell cycle arrest at different checkpoints induced by doxorubicin is controlled by an individualized combinational network of regulatory molecules, with a few of them likely bearing a master biological role, whereas the rest retain minor or redundant activities. For example, even though the G2/Mphase arrest induced in the lower-dose doxorubicin-treated RT4 cells is likely implemented, among others, through downregulation of Cyclin-B1, -B2 and -F, along with an upregulation of p21
Cip1 and GADD45A gene expression, the respective T24 response (lower-dose drug-mediated G2/M-phase arrest and S-phase block) is characterized by a qualitatively similar Cyclin gene expression profile, albeit accompanied by downregulation of p21
Cip1 and GADD45A gene activities. Therefore, it is rather the relative quantitative differences among the various signaling components that may play a critical role in the final cellular response.
Next, we have analyzed the expression pattern of p53 and related genes p63 and p73 before and after doxorubicin treatment. In lower concentrations of drugs inducing DNA damage, wild-type p53 is known to play a critical role in cell cycle arrest, whereas in higher drug concentrations it preferentially causes apoptosis. In RT4 cells, characterized by a wild-type p53 genetic locus, the lower doxorubicin concentration induced p53 and p73 gene expression, whereas downregulation of p63 was clearly detected (Fig. 6 ). This could possibly be one of the mechanisms promoting the drug-induced G2/M arrest observed in these cells (Fig. 2) . In T24 cells carrying a mutant p53 gene (an in-frame deletion in exon 5), p53 expression was slightly upregulated in the lower concentration of the drug, whereas p73 was down-regulated. Interestingly, in these cells, p63 could not be detectably expressed either before or after drug treatment (Fig. 6 ). It is likely that a genetic and/or epigenetic profile comprised by a mutant p53, a silenced or absent p63 and a down-regulated p73 could partly account for the reduced sensitivity of T24 cells to the lower concentration of doxorubicin treatment (Figs. 1, 3 and  4) . In the higher concentration of the drug, in both cell lines, gene expression was down-regulated (RT4: p53 and p63; T24: p53 and p73) or obliterated (RT4: p73) (Fig. 6 ). This could be possibly attributed to a doxorubicin-mediated reduction in negative superhelicity of the DNA molecule at specific genetic loci, leading to disturbance of the distribution and transmission of torsional strain and finally resulting in a chromatin topologydependent decrease of gene transcription activity (29, 30) . Similar obstructive mechanisms could likely apply to several genes examined in the present study.
Successful triggering of apoptosis is a critical step in cancer chemotherapy (31, 32) . Therefore, understanding the molecular events related to apoptosis, which literally underlie druginduced cellular response, is important in enabling a more rational approach to grade-dependent strategies concerning anticancer therapy, based on the detection of novel putative biomarkers of response to drug treatment (33, 34) . Thus, in order to study the response to doxorubicin activity we have analyzed the expression profile of a number of genes essentially involved in the regulation of apoptosis (35) .
The expression pattern of the genes selected for the study of apoptotic process in response to doxorubicin treatment is shown in Figs. 7-11. In these results, first, we observe that the genes Tweak (Fig. 8) and Bok (Fig. 10) are hardly expressed and OPG (Fig. 9 ) is completely suppressed in RT4 cells, whereas their expression levels are easily detectable in T24 cells. Exactly the opposite scenario is true for the gene encoding for TRAIL (Fig. 8) . Second, the vast majority of genes, with a few distinct exceptions, such as FasL (RT4 and T24; Fig. 7 ), Tweak (RT4; Fig. 8 ), Noxa (RT4 and T24; Fig. 8 ), Survivin (T24; Fig. 9 ) and Bid (T24; Fig. 10 ), are downregulated in the higher concentration of doxorubicin. Third, according to their response to doxorubicin, these genes could be classified into three major groups: a) the genes that exhibited a grade-independent pro-apoptotic response (Fig. 7) , b) the genes that showed a grade-dependent proapoptotic response (Figs. 8 and 9 ) and c) the genes that manifested a grade-specific (in most cases) but 'unexpected' (opposite to the 'predicted') drug response and/or expression profile. These were arbitrarily named 'compensatory' genes and likely represent a 'counterbalancing' and/or 'defense' mechanism against the cytotoxic effects of doxorubicin treatment (Fig. 10) .
Among the genes examined in the present study, the genes that are characterized by a grade-independent pro-apoptotic response to doxorubicin are only four. Namely, these are FasL, Bik, Bim and Caspase-3. FasL and Bik are significantly induced in both RT4 and T24 bladder cancer cell lines after the lower-dose doxorubicin treatment, whereas Bim and Caspase-3 seem to be more moderately upregulated. On the contrary, with the exception of FasL, which retains strong and unimpaired expression levels, under the higher dose of doxorubicin conditions Bim and Caspase-3 are notably downregulated, while Bik expression is most severely affected (completely suppressed) in both cell types (Fig. 7) . Interestingly, the significant upregulation of FasL gene expression might be directly associated with the drug-induced apoptotic death of RT4 and T24 cell lines, as the latter is undoubtedly evinced through the activation of Caspase repertoire and proteolytic cleavage of its target substrates, demonstrated in Figs. 3 and 4.
In the second group, showing a grade-dependent proapoptotic response to doxorubicin, the largest number of genes is included. Among these, we can spot the genes coding for the pro-apoptotic ligands TRAIL and Tweak, the death receptors Fas, DR4, DR5 and Tweak-R, the proteases Caspase-8 and Caspase-10, as well as the genes coding for the pro-apoptotic mitochondrial pathway proteins Bak-1, Bax, XAF-1, Puma and Noxa. In RT4 cells, most of these genes (TRAIL, Fas, DR4, DR5, Tweak-R, Caspase-8, Caspase-10, XAF-1 and Puma) are upregulated in response to the lower doxorubicin concentration, whereas their expression is down-regulated or obliterated (Puma) in response to the higher-dose doxorubicin treatment (Fig. 8) . Nevertheless, there are exceptions including Tweak, Bak-1, Bax and Noxa, where in the lower doxorubicin concentration the transcript levels of Bak-1 are moderately reduced, while Bax and Noxa retain their strong expression. In the higher dose of doxorubicin, Noxa is the only unaffected gene, whereas Bak-1 and Bax are down-regulated or completely Figure 7 . Expression profiles of genes involved in the regulation of apoptosis after treatment with 0, 1 and 10 μg/ml doxorubicin for 24 h in the human urinary bladder cancer cell lines RT4 and T24, using a semi-quantitative RT-PCR approach. These genes were found to exhibit a grade-independent pro-apoptotic response to the drug. The genes are indicated on the left and the respective RT-PCR product sizes on the right. Data are from three different experiments, one of which is illustrated here. Figure 8 . Expression analysis of genes involved in the regulation of apoptosis after treatment with 0, 1 and 10 μg/ml doxorubicin for 24 h in the human urinary bladder cancer cell lines RT4 and T24, using semi-quantitative RT-PCR. These genes were characterized by a grade-dependent pro-apoptotic response to the drug. The genes are indicated on the left and the respective RT-PCR product sizes on the right. Data are from three different experiments, one of which is shown here.
suppressed (Bak-1), and interestingly, Tweak is the only gene notably induced (Fig. 8) .
On the other hand, in T24 cells under the lower drug concentration, several genes are down-regulated (Tweak, Fas, DR4, Tweak-R, Caspase-8, Caspase-10, Bak-1, Bax, XAF-1 and Puma), whereas only Noxa retains its invariable expression profile. On the contrary, TRAIL seems to be detectably induced, while DR5 exhibits a slight elevation of its expression levels (Fig. 8) . The obtained gene activity profile in the higher drug dose is characterized by a notable, albeit variegated among the members of this group, reduction of expression of all genes, with Noxa being the only distinct exception (Fig. 8) . The comparative gene expression patterns between RT4 and T24 human bladder cancer cells clearly corroborate their differential sensitivity to drug-induced apoptotic death, with T24 being significantly more resistant to the apoptotic stimulus (doxorubicin) than RT4. For example, the combination of pharmacogenomic responses of Fas, Caspase-10 and Puma could likely account, among others, for the differential sensitivity of RT4 and T24 to the lower dose of doxorubicin treatment (Figs. 1, 3, 4 and 8) .
Belonging to the same group, the genes Bcl-2, Survivin and OPG exhibited a very interesting expression pattern in response to doxorubicin, clearly reflecting the different state of malignancy of the two cell lines (Fig. 9) . In RT4 cells, after doxorubicin treatment, expression of Bcl-2 and Survivin was severely suppressed, whereas OPG was not expressed at all. On the contrary, in T24 cells in response to doxorubicin, Bcl-2 was only partly down-regulated, whereas Survivin was not only unaffected in the lower drug dose, but also notably induced in the higher doxorubicin concentration. In the same cells, the expression of OPG gene was completely obliterated under both drug dose conditions. At this point, it is very interesting to note the specificity of cellular response by comparing the expression patterns of Bcl-2, Survivin and OPG genes in RT4 and T24 bladder cancer cells in response to the topoisomerase II poison doxorubicin and the microtubule depolymerization inhibitor taxol, both used in anticancer therapy (Fig. 9) . We can clearly observe that after taxol treatment Bcl-2 expression remains almost unaffected in both Figure 9 . Expression analysis of genes involved in the regulation of apoptosis after treatment with 0, 1 and 10 μg/ml doxorubicin (left panel) or 0, 0.1 and 1 μg/ml taxol (right panel) for 24 h in the human urinary bladder cancer cell lines RT4 and T24, using a semi-quantitative RT-PCR approach. These genes, along with others, were found to exhibit a grade-and drug-dependent pattern of expression, which renders them suitable to be used as biomarkers for the prognosis as well as for the response to doxorubicin activity during chemotherapy of human bladder cancer. The genes are indicated on the left and the respective RT-PCR product sizes on the right of each panel. Data are from three different experiments, one of which is illustrated here. Figure 10 . Expression analysis of genes involved in the regulation of apoptosis after treatment with 0, 1 and 10 μg/ml doxorubicin for 24 h in the human urinary bladder cancer cell lines RT4 and T24, using semi-quantitative RT-PCR. These genes were found to manifest a grade-dependent (in most cases) 'compensatory' response to the drug. The genes are indicated on the left and the respective RT-PCR product sizes on the right. Data are from three different experiments, one of which is shown here. cell lines, Survivin transcript levels are slightly upregulated in the lower taxol concentration and then (higher drug dose conditions) they reach the control levels in both cell lines, whereas the grade-dependent (T24) OPG expression is notably upregulated in the higher taxol concentration (one could undoubtedly notice the reverse OPG expression profile between doxorubicin-and taxol-treated T24 cells). It is important to denote that the same taxol concentrations (clinically and cytotoxically equivalent to the doxorubicin ones used in the present study), when applied to RT4 and T24 cells for 24 h, induce apoptotic death (similar to the one resulting by doxorubicin treatment), as evinced by the taxol-dependent activation of Caspase repertoire and subsequent proteolytic cleavage of its target substrates (data not shown). These results may constitute a kind of reliable drug signature in human urinary bladder cancer cells.
The third group of genes is mainly characterized by a gradedependent (in most cases) and 'compensatory' response to doxorubicin-induced cytotoxic effects (Fig. 10) . In RT4 cells, the anti-apoptotic genes Bcl-X L , Mcl-1, FLIP and cIAP-1, in the lower dose drug conditions, manifest an upregulation of their expression levels opposite to the predictable scenario, whereas the same genes are notably down-regulated (Bcl-X L and Mcl-1), unaffected (cIAP-1) or slightly induced (FLIP) under identical treatment conditions in T24 cells. Surprisingly, the gene for the anti-apoptotic decoy receptor DcR2 is shown to be notably induced in the lower doxorubicin concentration in both cell lines. On the contrary, Caspase-9 gene exhibits RT4-specific suppression after drug treatment, whereas its expression in T24 remains almost unaffected. Moreover, the pro-apoptotic gene encoding for the inhibitor of cIAPs Smac/ DIABLO is, unexpectedly, down-regulated in a dosedependent fashion in both cell types. Regarding RT4, cIAP-2 and XIAP do not seem to play an essential role in this likely 'compensatory' response, since both genes remain unaffected in lower drug dose conditions. However, the notable reduction of cIAP-2 and XIAP expression levels indicate their potential involvement in this putative mechanism for T24 cells (data not shown). As expected from previous observations (Fig. 8) , in the higher doxorubicin concentration, almost all the above genes are significantly suppressed in both cell lines, albeit in a variable fashion. Intriguingly, another two of the novel findings of the present study represent the grade-specific regulation (strongly expressed in T24 compared to RT4) of Bok gene and the robust transcriptional activity of Bid gene in T24 cells, compared to RT4 (with or without drug), features that could likely contribute to the herein proposed 'compensatory' cellular response after different doses of doxorubicin treatment (Fig. 10) .
Conclusively, the genes Bok and OPG, which are specifically expressed in the grade III human bladder cancer cell line T24, along with the pro-apoptotic gene TRAIL, the expression of which is severely suppressed in the same cells, are of obvious importance for use in human bladder cancer prognosis and the choice of appropriate treatment for a more efficient disease management. Moreover, the large number of genes involved in cell cycle regulation and apoptosis, which are differentially expressed after doxorubicin treatment in grade I and grade III bladder cancer cells, seem good candidates to be adopted as biomarkers of response to doxorubicin treatment. It would be worthwhile, the expression of these genes to be analyzed in a clinical setting, as it could prove appropriate to Figure 11 . Integrated presentation of expression profiles of all the genes included in the present study, arbitrarily named 'mini-microarray'. This was constructed using the color code shown on top of the figure that corresponds to the intensities of individual bands obtained using semi-quantitative RT-PCR expression analysis. The development of handy 'mini-microarray' tools could prove to be very useful in the prognosis as well as in the response to specific drugs, and finally to a more efficient therapeutic management of the disease.
be used in order to assess grade-specific differential responses to doxorubicin in the clinical practice.
Finally, in an effort to more conveniently apprehend and evaluate the grade-and drug-dependent gene expression profiles of the two bladder cancer cell lines examined here, all the obtained RT-PCR bands (as presented after separation in agarose gel electrophoresis; Figs. 5-10) were appropriately scanned and their respective intensities, after being measured via the Band Leader Application Version 3.00 (Magnitec, Tel-Aviv, Israel), were converted to a color code, with each color representing a different range of the transcript expression values (Fig. 11) . The development of such a handy 'mini-microarray' tool could prove to be very useful in the prognosis as well as the more efficient therapeutic management of the disease.
Discussion
As in most cancers, the management of urothelial bladder cancer is highly dependent on tumor stage and grade. Patients with pTa (superficial, non-invasive) tumors most often undergo transurethral resection of the bladder tumor and receive rather mild intravesical therapy, whereas patients with pT2 (muscleinvasive) tumors undergo total cystectomy with more aggressive pre-and/or post-operative chemotherapy. On the other hand, depending on their molecular background, pT1 (chorioninvasive) tumors may be treated either as pTa or as pT2 (1, 3) . For the treatment of invasive tumors of the bladder, a variety of pre-and post-operative chemotherapy regimens have evolved, with doxorubicin being one of the drugs frequently used in combination therapy for this type of disease (9, 10) . Doxorubicin belongs to the anthracycline class of antibiotics that targets and functionally inhibits topoisomerase II and has been auspiciously adopted and used as an antitumor drug in cancer chemotherapy for several years (6, 8) . And while the variety of its modes of action as well as its immediately obvious powerful effects are rather well documented, nevertheless, the dose-dependent thresholds for these mechanisms and their related implications in fundamental biological functions still remain obscure (18, 19, 36) . In the present study, we have examined the effects of doxorubicin on important cellular processes, such as the regulation of cell cycle and apoptosis, also seeking to possibly identify new biomarkers directly associated with the reliable monitoring of gradedependent response to doxorubicin treatment in human urinary bladder cancer cells.
The data presented herein demonstrate that the bladder cancer cell lines RT4 (grade I) and T24 (grade III) are both sensitive to doxorubicin treatment, with T24 being significantly more resistant to drug-induced apoptotic cell death than RT4. In both cell lines, it seems that cell death was preceded by a G2/M arrest induced by the lower dose (1 μg/ml) of doxorubicin or a combination of G1/S-and S-phase block triggered by the higher dose (10 μg/ml) of the drug (Fig. 2) . Therefore, we have studied the expression of the Cyclin-E1, -E2, -D, -B1, -B2 and -F genes, involved in cell cycle regulation, as well as p21 Cip1 , encoding for a bona fide cell cycle inhibitor and representing a p53 target gene, and GADD45A gene, a second p53 target critically involved in DNA repair, in order to analyze their regulation patterns in response to doxorubicin. Cyclin-B and -E have been shown to predict relapse in patients with node-negative breast cancer (37) , to associate with a significantly shorter survival time in stage I NSCLC (38) , to be overexpressed in malignant breast tumors (39) , to have a positively correlated expression with occult cervical lymph node metastasis in tongue carcinoma (40) , to be amplified in 15-20% of gastric cancers (41) and finally to associate their overexpression with aggressiveness of the disease and poor clinical outcome independent of the tumor stage in many human cancers (42) (43) (44) . Additionally, Cyclin-B1 expression closely correlated with the Ki-67 labeling index and both Cyclin-B1-associated G2/M arrest and Rb-mediated G1 arrest were found to be consistently compromised in high-grade pulmonary neuroendocrine tumors (45) . Moreover, p21 Cip1 expression was shown to be lower in malignant breast tumors than in benign breast pathology (39) , loss of expression of p21 Cip1 and/or upregulation of Cyclin-B1 and -E proved to predict poor prognosis after surgery in stage I NSCLC (38) , while the expression levels of Cyclin-E were significantly higher and GADD45A protein expression was decreased in the malignant than in the borderline epithelial ovarian tumors, meaning that these proteins are involved in the progression from borderline to malignant tumor of the ovaries (46) . In our cell system, in accordance to the above, Cyclin-B, -E and -F were found to be expressed at a higher level in T24 than in RT4 human bladder cancer cell line.
In response to doxorubicin treatment, A549 cells exhibited an upregulation of p21 Cip1 , Bax and GADD45A, with repression of Cyclin-B1 mRNA and protein expression (47) . Interestingly, Cyclin-B levels were strongly elevated in doxorubicin-treated MDA-MB-231 cells, whereas minimal changes in Cyclin-B levels were observed in MCF-7 cells treated with the same drug (48) . On the other hand, Cyclin-B1 protein expression remained constant and was not followed by a G2/M arrest in three doxorubicin-resistant gastric cancer cell lines, whereas in their corresponding parent cell lines Cyclin-B1 reduction was followed by a clear G2/M arrest (49) . In this study, in RT4 cells, treatment with the lower dose of doxorubicin resulted in down-regulation of Cyclin-B1, -B2 and -F, upregulation of p53, p21 Cip1 and GADD45A, and constant expression levels of Cyclin-E1, -E2 and -D (Figs. 5 and 6) . In T24 cells, although p21
Cip1 and GADD45A were notably down-regulated after lower dose of doxorubicin treatment, compared to RT4 cells (presumably a T24-specific 'escape' mode to doxorubicin cytotoxic activity), most likely due to the presence of a mutant p53 gene harbored in this cell line (50), the observed G2/M arrest could be eventually attributed to the moderate suppression of Cyclin-B1 and significant down-regulation of Cyclin-B2 and -F. On the other hand, the combination of G1/S-and S-phase arrest observed in both cell lines, when using the higher dose of doxorubicin, was associated with down-regulation or obliteration of Cyclin-E1, -E2 and -F gene expression, while transcript levels of Cyclin-B1 and -B2 exhibited grade-dependent characters, being severely attenuated in RT4, while remaining almost unaffected in T24 cells (Fig. 5) . From these results, we can safely conclude that, in this cell model: a) Cyclin-D does not seem to play a critical role in the regulation of cell cycle progression after doxorubicin treatment; b) Cyclin-F appears to be essentially involved in all drug-induced cell cycle blocks (G1/S, S and G2/M), thus putatively occupying a central position in the complicated network controlling cell cycle progression; c) Cyclin-E family members seem to be tightly associated with G1/S-and Sphase blocks; d) the G2/M-phase arrest is likely implemented in a grade-independent fashion through down-regulation of Cyclin-B1, -B2 and -F [albeit a few quantitative differences between the two cell types can be observed (i.e. Cyclin-F)]; e) the grade-specific drug response of p21 Cip1 and GADD45A, namely upregulated in RT4-treated cells with 1 μg/ml of doxorubicin and down-regulated in T24 cells under similar drug dose conditions, clearly reflects the complicated mode and combinational fashion of mammalian cell response to the cytotoxic actions of chemotherapeutic drugs. An integrated cellular reaction to a detrimental reagent likely embraces cell type-specific 'relinquish' mechanisms (i.e. cell cycle arrest and apoptosis), which could be partly 'compensated' by potent 'escape' and/or 'defense' mechanisms (i.e. T24-specific p21 Cip1 and GADD45A down-regulation; Fig. 10 ), in an effort to maintain cellular homeostasis and survival.
The two human urinary bladder cancer cell lines used in this study are characterized by distinct marked differences in terms of their genetic background. RT4 cells possess wild-type p53 and Rb genes, whereas they do not exhibit any detectable Rb protein expression and harbor a homozygous INK4A/p16 deletion (51). When p53 is overexpressed, the cell cycle is severely perturbed and blocked at both G1/S and G2/M checkpoints, while a transient S-phase block might also be observed (52) . In wild-type p53 cells, inhibition of topoisomerase II can induce G1 cell cycle arrest by p53 upregulation, followed by transcriptional induction of p21 Cip1 gene expression (36) . This G1 checkpoint was found to be tightly regulated by the ATM/ATR signaling network, through Chk1/Chk2 stress kinase functions at lower drug doses of doxorubicin, whereas, at higher doses, p53-dependent apoptosis mainly implemented through Fas, Puma and Bax upregulation was previously shown to occur (20) . Aside from the G1 block, a distinct arrest in G2 has been also reported to result as a major cytotoxic response to doxorubicin. In wild-type p53 cells, the G2 checkpoint was shown to function in an ATM-independent fashion, while it appeared to be strongly associated with inhibition of histone H3 phosphorylation, induced through inhibitory phosphorylation of Cdc2 kinase at lower drug doses, as well as with Cyclin-B1 down-regulation at higher doses of doxorubicin (20, 21) .
Opposite to RT4, T24 cells possess a wild-type Rb gene and normal levels of Rb protein expression, whereas they harbor a mutant p53 gene [an in frame TAC deletion in exon 5, resulting in the absence of critical tyrosine 126 (Y 126 )], and a methylated INK4A/p16 genetic locus (50, 51) . While the loss of a functional p53 protein can eliminate G1 block in response to DNA damage, such cells may still arrest rapidly in G2 (52) . Interestingly, DNA damage-induced G2 arrest can be abrogated by caffeine, an ATM/ATR inhibitor. This indicates that p53-independent pathways, such as the ATM/ATR-Chk1/ Chk2-Cdc25-14-3-3sigma-CDK1 pathway, may also play an important role in G2 arrest at lower doses of doxorubicin, whereas at higher doses, apoptosis is triggered by the ATM/ ATR-Chk1/Chk2 backup system with subsequent E2F1 activation and p73 upregulation, followed by transcription of Bax, Puma and Noxa genes, ultimately leading to apoptosis (20, 21) .
As it is demonstrated in the present study (Fig. 6) , expression of p53 at the mRNA level in RT4 cells was induced after treatment with the lower doxorubicin concentration, and then, significantly repressed in response to the higher dose of the drug. A similar pattern of expression was observed for p73 gene family member, whereas p63 was notably downregulated in response to doxorubicin in a dose-dependent fashion (Fig. 6) . The obtained expression pattern of p53 is in absolute accordance with the p21 Cip1 and GADD45A respective ones, thus strongly suggesting the master regulatory role of wild-type p53 in the RT4 cell cycle regulation process. The striking similarities between p73 (Fig. 6) and Puma (Fig. 8) expression profiles in both cell types allow us to suggest that the grade-dependent apoptosis observed in Figs. 3 and 4 is tightly regulated, among others, by the ability of p73 to directly trans-activate the pro-apoptotic gene Puma. Interestingly, as it has been previously reported, Puma not only represents a bona fide target gene of p73, but its expression is critically involved in the Bax-mediated apoptotic process (53, 54) . In complete accordance with our observations (Fig. 6 ), 24 h treatment of MCF7 breast cancer cells with 0.5 μM doxorubicin resulted in a notable expression and accumulation of both p53 and p73 gene products (55) .
As illustrated in Fig. 6 of the present study, p63 expression was found to retain a grade-dependent character, while in previous reports, its loss has been strongly associated with tumor stage and grade, as well as tumor invasion, lymph node metastasis and deregulation of cell-cell adhesion mechanisms (3), features that clearly reflect the malignancy status of T24 bladder cancer cells. Therefore, since p63 has been shown to essentially contribute to the regulation of apoptosis in human tumors (54, 56) , the dose-dependent attenuation of its expression in RT4 cells at the mRNA level (Fig. 6 ) might represent a 'compensatory' mechanism to the p53-and p73-mediated apoptotic effects of doxorubicin. On the contrary, the complete absence of expression of p63 in T24 cells could likely be due to epigenetic factors, such as methylation, which seems to be detected in more than 60% of the diagnosed tumors (3), without excluding an alternative scenario of gene impairment or loss.
For a tumor cell to survive in an extremely hostile and stressful microenvironment, it must undergo drastic structural and/or functional alterations. In this process, modified expression and/or mutation of genes essentially involved in the regulation of apoptosis are indispensable, providing cancer cells with both an intrinsic survival advantage and inherent resistance to chemotherapeutic drugs (33) . Therefore, while the effectiveness of chemotherapy is also dependent on a number of other factors including systemic drug toxicity due to lack of specificity, rapid drug metabolism, and both intrinsic and acquired drug resistance, there is a wide consensus on the causal relationship between apoptosis and drug-induced cytotoxicity, and the activation of the apoptotic process shown to occur during cancer chemotherapy is thought to be the central point for the successful drug treatment of a tumor (32) . In the present study, we have sought to obtain a closer view of the doxorubicin-induced apoptotic program in human urinary bladder cancer cells, as well as the respective expression profile of a number of genes critically involved in the regulation of grade-dependent apoptosis.
Although Caspases were found to play an important role in the execution of cellular death, mutations in Caspase genes have been detected at low frequency in some tumors, such as colorectal cancer or head and neck carcinoma (57, 58) . On the contrary, Caspase expression and function were shown to be impaired rather frequently in cancer cells. For example, Caspase-8 expression was found to be attenuated due to hypermethylation of certain regulatory sequences in both cancer cell lines and tumor samples derived, among others, from neuroblastoma, Ewing's sarcoma, retinoblastoma, rhabdomyosarcoma and SCLC (59) (60) (61) (62) . In the human bladder cancer cell lines studied here, Caspase-8, -9 and -3 were found to be expressed at both the mRNA and protein levels, while treatment of RT4 and T24 cells with both doxorubicin concentrations (1 and 10 μg/ml) induced a dose-and grade-dependent activation of Caspase-8, -9 and -3, as well as specific proteolytic cleavage of the characteristic Caspase protein substrates PARP and Lamin A/C, but also of Bcl-X L/S and Hsp90 (exclusively in RT4) signaling components, whereas exposure to the drug resulted in a decrease of the cytosolic trimeric form of FasL, as it is clearly demonstrated in Figs. 3 and 4. These observations unambiguously reveal that, upon treatment with either clinically-relevant or clinically-hazardous doses of doxorubicin, both the membrane death receptor (activation of Caspase-8) and the mitochondria (activation of Caspase-9) apoptotic pathways are strongly, albeit differentially, activated for the efficient implementation of the apoptotic death program, which is mainly characterized by subsequent activation of Caspase-3 and specific proteolytic cleavage of Caspase repertoire substrates PARP and Lamin A/C. Interestingly, the drug-induced apoptotic patterns clearly proclaim the gradedependent character of RT4 and T24 cell response to doxorubicin activity, with T24 being significantly more resistant to apoptosis than RT4.
Moreover, in RT4 cells (grade I), the apoptotic process is accompanied by the cleavage and degradation of the antiapoptotic protein Bcl-X L , and its pro-apoptotic isoform Bcl-X S , as well as the strong proteolytic cleavage of Hsp90, as evinced through the generation of a ~65 kDa processed fragment (Fig. 3) . However, in the more malignant T24 cells (grade III), characterized by the absence of Bcl-X S , the short isoform is generated after treatment with the higher dose of doxorubicin only, while, interestingly, no Hsp90 cleavage is detected (Fig. 4) . In addition, the drug-induced notable degradation of Bcl-X L and generation of a 21-kDa cleaved form only in the higher doxorubicin dose clearly dictate its critical role in the regulation of human bladder cancer cell apoptosis. In the case of apoptotic ligand FasL (Figs. 3 and 4) , a notable decrease (1 μg/ml) or obliteration (10 μg/ml) of its cytosolic trimeric form (120 kDa) occurs in both cell lines in a dose-and gradedependent fashion. The observed induction of Bcl-X L at the mRNA level (Fig. 10) after treatment of RT4 cells with the lower dose of doxorubicin was possibly due to a 'compensatory' response to the cleavage of the Bcl-X L protein, whereas in T24 cells, characterized by an absence of such cleavage in the same drug dose conditions (1 μg/ml), there has been a clear down-regulation of the Bcl-X L mRNA. On the other hand, induction of FasL at the mRNA level (Fig. 7) could be also attributed to a similar 'compensatory' effect to the diminishing cytosolic pool of trimeric FasL protein migrating to the cell membrane as a response to the apoptotic insult of doxorubicin (23, 25) , as well as to the putative shedding of FasL by MMP-7 or other proteases specifically activated during the apoptotic process (63, 64) .
Regarding Hsp90, due to its chaperoning role in the maturation and stability of a variety of client proteins that play important roles in cell proliferation, apoptosis, and other cellular processes, inhibition of the functional chaperone has been shown to induce degradation of these clients. Therefore, much attention was recently drawn on Hsp90 targeting in cancer therapy due to its assumed ability to disrupt multiple signal transduction pathways (26, 28) . One of the novel findings of the present study is that Hsp90 was shown, for the first time, to be specifically cleaved in response to doxorubicin treatment in RT4 cells, whereas no such proteolytic cleavage was observed in T24 cells (Figs. 3B and 4B ). Using the GrabCas software (65), we have identified a high probability Granzyme B recognition and cleavage site (VGSDEE) in the amino acid sequence of both Hsp90· (aa 261-266) and Hsp90ß (aa 253-258) proteins. However, using the same software program, no high probability cleavage site for any Caspase family member fitting to the molecular weight of the Hsp90 cleavage product (65 kDa), exclusively observed in RT4 cells (Fig. 3B) , could be identified. Since the monoclonal antibody used in the present study can specifically bind to the carboxylterminal region of Hsp90, we suggest that the 65 kDa cleaved form represents an amino-terminally truncated fragment of the protein, which is likely generated through a Granzyme Bmediated proteolytic processing of Hsp90. The RT4-specific production of the 65 kDa proteolytic fragment could likely result in a severe perturbation of Hsp90 chaperone activity, eventually causing inhibition of multiple signaling pathways also involved in the regulation of cell cycle progression and apoptosis. Interestingly, to strengthen the validity of our observations, there have been some recent reports on Caspaseor Granzyme B-dependent cleavage of the Hsp90 and Hsp70 co-chaperones p23, Hop and Hip during drug-induced cell death (66) (67) (68) . The fact that no cleavage of Hsp90 was detected in T24 cells, in response to any dose of doxorubicin used, could possibly be due to either a grade-dependent expression of Granzyme B (i.e. suppressed in T24, but not in RT4) or a grade-specific phosphorylation of the serine residue located in the putative Granzyme B cleavage site, likely regulating the cleavability and further processing of Hsp90 (69) . A more complex alternative would be the escape of Hsp90 from the cleavage machinery (i.e. Granzyme B) due to potential formation of tumor-specific (i.e. T24) Hsp90 protein complexes, with eventual selective masking of certain chaperone's epitopes (26, 70) .
In an attempt to characterize the different subgroups of human urinary bladder tumors in a more efficient and reliable way, gene expression profiles are expected to have an important contribution to the prediction of patient prognosis, along with the current major determinants of clinical outcome, such as histological classifications and other clinicopathological characteristics (71, 72) . On the other hand, trying to reduce mortality rates for some cancer types, a considerable effort has been devoted to the identification of biomarkers that could predict a patient's response to specific chemotherapy drugs more effectively (73) . These biomarkers of response mainly include groups of genes differentially expressed before, during and after therapy. Since cancer cell lines have been shown to maintain the in vivo patterns of gene expression, which represent the stage of progression of their tumors of origin, this renders in vitro experiments using cell lines valuable tools in the identification and characterization of response biomarkers. On the other hand, the expression patterns of individual genes are frequently shown to be insufficient enough to serve as reliable biomarkers of response for most chemotherapeutic drugs in the clinical practice (73) . Therefore, in the present study, together with the genes involved in cell cycle progression (Figs. 5 and 6 ), which have been discussed earlier, we have analyzed the expression of 29 genes implicated in the regulation of apoptosis (Figs. 7-10) , in order to possibly identify a subset of genes that might be of use in the prognosis and/or response to doxorubicin activity in human bladder cancer cells.
In general, the lower doxorubicin concentration used in this study was shown to induce differential response in the expression of most genes, in both cell lines (Figs. 5-10 ). On the contrary, the changes in gene expression were a lot more uniform in the case of the higher concentration of doxorubicin, where there was a clear down-regulation at the mRNA level in almost all (with the exception of Cyclin-D, GAPDH, FasL, Tweak and Noxa) (RT4) or at least in 2/3 (T24) of the genes examined. This could be because topoisomerase II inhibition by doxorubicin has been shown to cause dramatic changes in the function of transcription complexes at or near promoters. These changes were found to be mainly due to high levels of torsional stress created by hypernegatively supercoiled DNA that finally prevented transcription (29, 30) . Therefore, besides the disturbance provoked by the dissipation of torsional strain and/or the hindering of the movement of transcription elongation machinery by the immobilized topoisomerasedoxorubicin-DNA ternary complexes, the overall effect of topoisomerase II inhibition, differentially affecting the expression of diverse genes, may be also attributed to: a) the inhibition of the transcription apparatus by deregulating direct protein-protein interactions of topoisomerase II with certain transcription factors, the basal transcription apparatus or chromatin modifying/remodeling machinery and/or b) the activation of the signal transduction pathways regulating DNA repair (29) .
Activation of Caspases can be initiated with the activation of membrane death receptor and/or the mitochondrial pathways. During drug treatment, ligation of FasL and/or TRAIL to the appropriate death receptors can result in the activation of initiator Caspase-8. Both FasL and its cognate receptor Fas were found to be expressed at high levels in most samples of, among others, breast tumor (74, 75) , hepatoblastoma (76), leukemia (77, 78) , and myeloma (79) , while FasL expression was demonstrated to be positively correlated with histological grading in breast cancer (80) . In urothelial cancers, FasL expression exhibited an inverse correlation with tumor grade and stage, while decreased Fas expression was significantly associated with more advanced stage, higher pathological grade and poorer prognosis of the disease (81) . In a syngeneic tumor model of Lewis lung carcinoma cells (3LL) in mice, doxorubicin was found to inhibit growth of the 3LL-induced solid tumors, both in wild-type and Fas-deficient mice, whereas it failed to do so in mice lacking a functional FasL, strongly suggesting that the interaction between host FasL and tumor Fas is critically involved in the antitumor effect of doxorubicin (82) . Moreover, while an altered pattern of Fas/FasL expression in breast cancer patients receiving adjuvant anthracycline-based chemotherapy was demonstrated to configure an aggressive tumor phenotype, linked to disease progression (83), topoisomerase II inhibitors that cause DNA damage were shown to strongly induce FasL expression, contrary to non-DNA damaging catalytic topoisomerase II inhibitors, whose biological activities did not seem to affect FasL expression (84) .
In one study, poorly-differentiated T24 cells were shown to be relatively insensitive towards an agonistic apoptosisinducing monoclonal antibody against Fas. In the same report, in co-culture experiments, T24 cells were able to induce apoptosis in Jurkat cells (85) , which would imply that, while FasL is functionally active, the Fas pathway is, at least partly, inhibited in T24 cells, or differently the membrane Fas complexes have acquired altered conformations, rendering them relatively insensitive to the cytotoxic activity of Fas monoclonal antibody, but still partly responsive to FasL. Taken together, all the above data suggest that bladder cancer cells are possibly able to evolve a mechanism of immune evasion during transformation to higher-grade malignant state and that a functional FasL/Fas pathway is essential for the control of disease progression and a strong response to doxorubicin treatment. In the present study, FasL and Fas were both found to be expressed in the bladder cancer cell lines used (Figs. 7 and 8), with RT4 cells expressing less FasL than T24, while in both cell lines FasL was strongly induced in response to either dose of doxorubicin. On the other hand, Fas was shown to be notably induced in RT4 cells in response to the lower dose of doxorubicin, whereas its expression was severely attenuated in T24 drug-treated cells. These results on FasL and Fas expression profiles correlate well with the gradedependent apoptotic death observed in response to doxorubicin treatment in RT4 and T24 cells (Figs. 3 and 4) . And although the functional integrity of the Fas pathway was not directly assayed here, its signaling potency does not seem to be inhibited, as evinced by the drug-induced Caspase-8 activation in a TRAIL minus background, but rather to be playing a significant role in the apoptotic process initiated by doxorubicin in both human bladder cancer cell lines.
Apoptotic ligand TRAIL has been found to be expressed at different levels in a variety of tissues. For example, in one study, it was detected in only half of the breast cancer tissues, but not in the normal breast samples examined (75) . Moreover, four out of ten human HCC bioptic tissue specimens demonstrated positive staining for TRAIL, whereas non-tumor tissues showed little detectable staining (86) . On the other hand, TRAIL death receptors DR4 and DR5 were found to be expressed in normal tissues and in many types of tumor cells as well, whereas its decoy receptors DcR1 and DcR2 were frequently detected in normal tissues but rarely in tumor cells (87) . DR4 and DR5, together with their ligand TRAIL, were all shown to be expressed in four human colonic adenocarcinoma cell lines, while after doxorubicin treatment a TRAIL upregulation was observed (88) . Furthermore, in three hepatocellular carcinoma cell lines TRAIL was found to be constitutively expressed and its expression was dramatically induced after the addition of doxorubicin (86) .
In the present study, TRAIL was expressed at low levels in RT4 cells, but almost not at all in T24, while it was found to be drug-induced in both cell lines. However, even though RT4 cells are characterized by a strong TRAIL upregulation under the lower dose of doxorubicin, T24 are weakly responsive to the same drug conditions. All TRAIL receptor genes were expressed in both bladder cancer cell lines and their activities were induced by the lower dose of doxorubicin (except DR4 in T24 cells). The drug-dependent upregulation of TRAIL and its cognate receptors DR4 and DR5 strongly suggest an important role in the apoptotic process that follows treatment of RT4 cells with 1 μg/ml of doxorubicin, while the weak expression of TRAIL, together with the moderate down-regulation of DR4 expression, in T24 drug-treated cells correlate well with the poorer differentiation grade of the latter cell line, as well as with its relatively mild apoptotic response to doxorubicin activity.
Expression analysis of OPG, a soluble molecule thought to be the third decoy receptor of TRAIL, demonstrated that OPG was expressed in 19% of surgical biopsy specimens from primary carcinomas, whereas in metastatic prostate cancer it was found in 73% of the examined samples (89) . Furthermore, OPG production was more commonly recognized in skeletal (83%) as compared with lymph node (46%) metastases, while increased expression of OPG correlated with stage, grade, androgen status and serum PSA levels, suggesting a role as diagnostic, prognostic and therapeutic target for prostate cancer (89) . In addition, the mean serum OPG concentration in patients with bladder carcinoma has been measured to be approximately three times higher than the one corresponding to healthy individuals (90) . Among patients with bladder carcinoma, higher tumor stage and grade were found to be associated with increased serum OPG levels. Therefore, elevated serum OPG concentrations are suggested to be predictive of early recurrence in patients with bladder carcinoma (90) . Moreover, expression of OPG was low in normal but markedly higher in prostate cancer cell lines (89) . In the bladder cancer cell lines used here, OPG could not be detected in the low grade RT4 cell line, whereas it was shown to be notably expressed in the high grade T24 cells, though its expression was completely obliterated after doxorubicin treatment. A clearly different pattern of OPG transcriptional activity profile was observed in T24 cells after they have been treated with the chemotherapeutic drug taxol, a microtubule depolymerization blocking agent. Contrary to doxorubicin, the lower concentration of taxol did not affect OPG expression, whereas the higher concentration of the drug induced a marked gene upregulation (Fig. 9) . Taken together, all these data: a) are in absolute agreement with the observed grade-dependent increase in OPG expression reported in previous studies, b) reinforce the arguments for the involvement of doxorubicin activity in the inhibition of gene transcription (however, in a gene-specific manner) and c) strongly suggest OPG as a sensitive biomarker for prognosis and response to doxorubicin treatment in human bladder cancer.
The mitochondrial pathway of apoptosis is initiated by the release of apoptogenic factors, such as Cytochrome c, apoptosis-inducing factor (AIF), Smac/DIABLO, Omi/HtrA2, Endonuclease G, Caspase-2 and/or Caspase-9, from the mitochondrial inter-membrane space. The shuffling of Cytochrome c into the cytosol triggers Caspase-3 activation through formation of the Cytochrome c/Apaf-1/Caspase-9-containing apoptosome complex, while Smac/DIABLO and Omi/HtrA2 promote Caspase activation through functional neutralization of the inhibitory effects of IAPs. Important players in this pathway are all the Bcl-2 family members, which are divided into two major groups: a pro-apoptotic and an anti-apoptotic group. The pro-apoptotic Bcl-2 family group consists of the multi-domain pro-apoptotic subgroup, comprising Bax, Bak, Bok and Bcl-rambo, and the BH3-only protein subgroup, containing Bik, Bim, Noxa, Puma, Bad, Bid, Hrk, Blk, Bmf, Bnip3, Bnip3L, p193 and Bcl-G family members (33) . The indirect initiator of apoptosis Bik was found to be overexpressed in breast cancer (91) , in high-risk stage I NSCLC patients (92) , as well as in gastric cancer patients with lymph node metastases (93) , while it showed a consistent loss of expression in primary RCC tissues and cell lines (94) , also having been identified as a critical target of deletion or epigenetic silencing in glioma cell lines and primary tumors (95, 96) . Furthermore, Bik was demonstrated to be induced by doxorubicin in lymphoma and myeloma cell lines (97) , as well as in MCF-7, but not in T47D or SKBr3 cells, whereas it was constitutively expressed in ZR75-I cells (98) . In the present study, Bik transcriptional activity was found to be significantly induced by the lower concentration of doxorubicin both in RT4 and T24 cells (Fig. 7) , thus indicating an important role played by the gene in doxorubicin-induced apoptosis in bladder cancer cells. Although Bik gene has been previously suggested to be directly controlled by the p53 transcription factor, through an incomplete (and likely weak) p53-binding element contained in the Bik promoter, the observed upregulation of its transcriptional activity in both wild-typep53 RT4 and mutant-p53 T24 cells argues in favor of a p53-independent doxorubicin-induced expression of Bik, thus requiring the involvement of other transcription factors, possibly the E2F family members (98) (99) (100) .
Unlike Bik, which possesses a BH3 domain only and is able to serve as ligand or facilitator of the pore-forming Bcl-2 proteins, Bax, Bak and Bok bear conserved BH1, BH2, BH3 and TM domains and can efficiently induce apoptosis through channel formation, in addition to their role as ligands for the anti-apoptotic Bcl-2 proteins (101). Bax and Bak were found to be expressed at different levels in various human cancers. For example, they were both detected in cervical cancer, with the percentage of cases expressing Bax being correlated well to a longer disease-free survival time, while Bax expression in patients with no evidence of disease after treatment was significantly higher compared with patients currently suffering or having been deceased by the disease (102) . In another study, Bak expression in keratoacanthomas was shown to be notably upregulated in comparison with normal skin tissues, whereas a significant reduction of Bak expression in poorlydifferentiated squamous cell carcinoma of the skin was observed (103) . Furthermore, many synovial sarcomas were found to be diffusely positive for Bax and Bak, but for Bcl-2 and Bcl-X L as well, thus suggesting that the increased rate of apoptosis should be considered as an indicator of poor prognosis in primary synovial sarcoma (104) . Conversely, a loss of expression for Bax and Bak was recorded in mesothelioma (105) , gastric cancer (106), NSCLC (107) , SCLC, where expression of both Bcl-2 and Bax was shown to be reduced and development of metastatic clones resistant to apoptosis was observed (108) , and in superficial-spreading melanoma, where the reduction in Bax and Bak expression was significantly correlated with poor prognosis (109) . Moreover, reduced Bax levels were associated with the ex vivo resistance to B-CLL therapy using doxorubicin (110) . Bax-as well as Bak-deficient MEFs were found to be unresponsive to doxorubicin, compared to the wild-type cells, suggesting a role for these proteins as critical apoptotic regulators of doxorubicin cytotoxic activity. Additionally, doxorubicin induced apoptosis was completely blocked in Bcl-2-overexpressing myeloma cells, whereas in Bcl-2-transfected cells Bak activation was hampered, while Bax was able to partially retain its functional activity, in agreement with the differential regulation of these two pro-apoptotic proteins (97) . In A2780 ovarian cancer cells, exposure to doxorubicin induced Bax upregulation (111) , whereas the intracellular concentration of Bcl-2 and Bax did not change significantly in HL-60 cells after treatment with doxorubicin (112) .
In the present study, Bax was shown to be moderately induced in response to low dose of doxorubicin treatment in RT4 cells, whereas it was notably down-regulated in T24 cells under the same drug conditions, observations tightly associated with the grade-dependent character of RT4 and T24 apoptotic response to doxorubicin activity. On the other hand, Bak expression was found to be attenuated in a drug dose-dependent and grade-specific manner, with T24 exhibiting a more severe reduction, thus partly vindicating the gradedependent character of doxorubicin-induced apoptosis in RT4 and T24 cells. Intriguingly, Bik gene, whose product represents the apical regulator of Bak-dependent apoptotic pathway, was significantly upregulated by the lower dose of doxorubicin (Fig. 7) in a presumable cellular effort to functionally 'compensate' the drug-induced reduction of Bak expression at the mRNA level in both cell lines. Interestingly, Bax expression levels, after being initially reduced in response to the lower dose of doxorubicin in T24 cells, they were upregulated again after treatment with the higher drug concentration. Similar expression profiles with Bax in T24 cells, mainly characterized by down-regulation in the lower and comparative upregulation in the higher drug dose (albeit, still suppressed in comparison to the control samples), are demonstrated for other genes examined (i.e. Cyclin-B2 and XAF-1), likely representing part of an integrated cellular response exclusively activated and solely developed under higher drug dose conditions.
Regarding the expression of the multi-domain pro-apoptotic protein Bok in human cancers, little epidemiological data exist in the literature. Bok was found to be upregulated in estrogen-dependent breast cancer, while it was down-regulated in hyperplasia but not in adenoma of the parathyroid gland (113, 114) . Nevertheless, Bok, which does not seem to interact with Bcl-2 or Bcl-X L , and was shown to be a critical target of antagonism for binding between the anti-apoptotic proteins Mcl-1, Bfl-1 and EBV-derived protein BHRF1, and the BH3-only pro-apoptotic Bcl-2 family members, constitutes (together with Noxa) an essential mediator of p53-dependent apoptosis in neuroblastoma and breast cancer cells (115) . Interestingly, contrary to the 'expected' gene activity profile, as evinced in this study, Bok was hardly expressed in RT4 cells, whereas its expression levels in T24 cells demonstrated a dose-dependent reduction in response to doxorubicin activity. The biological significance of grade-specific and/or severely attenuated drug dose-dependent transcriptional expression of a number of genes examined in the present study is currently under extensive investigation in our laboratories.
The anti-apoptotic members of the Bcl-2 family, namely Bcl-2, Bcl-X L , Bcl-w, Mcl-1, Bfl-1 and Boo, possess sequence homology within three or four BH domains, and they are mainly localized to the outer membrane of mitochondria, whereat they prevent the release of Cytochrome c and other pro-apoptotic proteins from mitochondrial inter-membrane space into the cytosol. Bcl-2 or Bcl-X L have been found to be overexpressed in follicular lymphomas (116) , as well as in several other cancers, such as SCLC (117), chronic lymphocytic leukemia (118) , multiple myeloma (119), melanoma (120) , bladder (121) , prostate (122) , ovarian (123) , cervical (124) , gastric (125) , breast (126) and colorectal (127) cancers. In most of these cancers, overexpression of Bcl-2 or Bcl-X L correlated well with poor prognosis, whereas, on the contrary, in breast and colorectal cancer, upregulation of Bcl-2 was linked to a favorable outcome and improved survival. In superficial bladder cancer, an increased Bcl-2/Bax ratio was suggested to predict relapses (128) , whereas Bcl-X L overexpression was found to be frequently observed, however likely reflecting its expression pattern in normal urothelium (129) . In another study, in patients with bladder cancer expressing both Bcl-2 and p53, there was evidence for a poor outcome after radiotherapy (130) . Upregulation of Bcl-2 or Bcl-X L was shown to occur in various cancer cell lines as well, usually resulting to resistance against a variety of chemotherapeutic agents. Bcl-X L overexpression in different hepatoma cell lines effectively blocked apoptosis that was induced by high dose of doxorubicin, through inhibition of the loss of mitochondrial membrane potential, release of mitochondrial Cytochrome c and activation of Caspase repertoire (131) . Likewise, Bcl-2 overexpression was revealed to potentiate the malignant phenotype of anaplastic thyroid cancer cells by limiting the response to apoptosis-inducing chemotherapeutic drugs and enhancing proliferation and tumor aggressiveness (132) . Interestingly, the same cells overexpressing an exogenous Bcl-2 gene exhibited an enhanced resistance to doxorubicin activity than control cells, although they were 'unexpectedly' characterized by increased transcript levels of Caspase-9, Caspase-8, Bik, Bok and Bmf. In this case, an oncogenic 'addiction' of cells to Bcl-2 was hypothesized to explain the 'discrepancy' (133) .
According to our studies, Bcl-2 and Bcl-X L genes were found to be expressed in both cell lines, although the transcript levels of Bcl-2 were significantly lower compared to the Bcl-X L ones. In other reports, Bcl-2 overexpression in bladder cancer cell lines was shown to be associated with resistance to doxorubicin-triggered apoptosis (134), while Bcl-2 antisense oligonucleotides combined with doxorubicin were able to overcome resistance to drug-induced apoptosis in highly malignant bladder cancer cells (135) . In the present study, we have observed a notable upregulation of Bcl-X L expression in the presence of lower doxorubicin dose in RT4 cells, which was reversed to a severe down-regulation after treatment with the higher dose of the drug. On the contrary, in T24 cells there was a clear drug-dependent down-regulation of Bcl-X L expression, which remained constant in both the lower and higher doxorubicin concentrations. The observed Bcl-X L transcriptional induction, which is accompanied by a similar upregulation of Mcl-1 in lower drug dose-treated RT4 cells, could be ascribed to a 'compensatory' response to p53-dependent upregulation of Puma (Fig. 8) , since it is known that a number of anti-apoptotic proteins, including Bcl-X L and Mcl-1, are able to bind and sequester Puma (136) . Another alternative would be the upregulation of Bcl-X L expression in order to favor the formation of the tripartite Bcl-X L , Puma and p53 complex (all three genes notably induced by the lower dose of doxorubicin in RT4), which has been shown to coordinate the distinct pro-apoptotic functions of p53 (137) . In the latter case, down-regulation of Bcl-X L in response to the lower dose of doxorubicin in T24 cells could be justified by the existence of mutant p53 in these cells, while a 'compensatory' slight upregulation of p53 gene expression observed in the same cells would prove non-prosperous, due to presumable inability of forming a Bcl-X L , Puma and mutant p53 functional complex. In support to this latter scenario, p53 knockdown in keratinocytes was shown to be accompanied by accelerated elimination of Mcl-1 and Bcl-X L anti-apoptotic proteins, although this mechanism was not analyzed at the mRNA level (138) . Interestingly, possibly owing to the mutant p53 genetic locus, the transcriptional expression profiles of a number of p53 target genes, such as p21 Cip1 , GADD45A, Fas, DR4, Bax and Puma, seem to be significantly suppressed in a rather dose-dependent manner. On the other hand, the observed upregulation of FasL, DR5 and DcR2 genes or stable expression of Noxa gene at the mRNA level after drug administration in T24 cells is obviously p53-independent. Nevertheless, the basal levels of mRNA expression of all the above p53 target genes (namely, p21
Cip1 , GADD45A, Fas, DR4, Bax, Puma, FasL, DR5, DcR2 and Noxa) in the untreated cells do not seem to be severely affected by the mutational status of p53 gene in T24 compared to RT4. This argues in favor of a p53-independent additional level of regulation of these genes.
Bcl-2 transcript expression levels were readily detectable but relatively low in both bladder cancer cell lines examined in the present study. In RT4 cells, Bcl-2 gene activity was severely suppressed by both concentrations of doxorubicin, whereas a partial down-regulation was observed in T24 cells under similar treatment conditions. The differences in Bcl-2 expression patterns in response to doxorubicin, revealed here, likely reflect the different grade of malignancy in the two cell lines. Dissimilarly to doxorubicin, a clearly different expression profile of Bcl-2 was observed after treatment of RT4 and T24 cells with taxol chemotherapeutic drug (Fig. 9) . As in the case of OPG in the lower taxol dose-treated T24 cells, Bcl-2 transcriptional activity remained rather unaffected in both cell lines and in both concentrations of the drug tested (taxol), thus demonstrating the specificity of the cellular responses to distinct apoptotic stimuli (i.e. drugs), and the drug-specific ability of the lower doxorubicin concentration to inhibit transcription of individual genes.
The IAPs constitute fundamental negative regulators of apoptosis either by direct binding to Caspases or by other indirect modes of action (139) . They are characterized by one or more protein modules of 70 amino acids called baculovirus IAP repeat (BIR) domains (140) . Survivin, a representative member of this anti-apoptotic group of proteins, which forms stable homodimers in solution, has been strongly implicated in multiple essential cellular functions, including cell division, apoptosis, stress response and checkpoint mechanisms of genomic integrity (141) . Thus, its expression was able to protect normal or transformed cells from apoptosis and was clearly detected, although at different levels, in all 60 cancer cell lines of the NCI panel (142) . Moreover, Survivin gene was found to be transcriptionally active during development and in proliferating cells as well, whereas it was largely suppressed in most differentiated tissues in the absence of stress conditions. On the contrary, high expression levels of Survivin could be observed in solid tumors and hemopoietic cancers, which correlated well to resistance against chemotherapy-induced apoptosis and poor prognosis (143) (144) (145) (146) . In addition, Survivin was identified as a diagnostic biomarker in urine for bladder cancer onset and recurrence (147) . Furthermore, transcriptional silencing of Survivin in SKBr-3 and HeLa cells, expressing high levels of the relative protein, by siRNA was able to restore sensitivity to doxorubicin (143) .
In our cellular system, Survivin was found to be rather equally expressed in both RT4 and T24 cells. However, even though both concentrations of doxorubicin were able to annihilate its expression in RT4 cells, Survivin expression levels not only remained unaffected in the lower drug dosetreated T24 cells, but interestingly they were shown to be notably induced in the higher concentration of doxorubicin. On the contrary, the lower dose of taxol was able to slightly induce Survivin gene activity in both cell types, probably as a 'compensatory' reaction to the effects of taxol on microtubule depolymerization, since Survivin overexpression is known to suppress microtubule growth, thus critically regulating microtubule nucleation and dynamics (148) . The grade-dependent response to doxorubicin observed in OPG, Bcl-2 and Survivin gene expression (as also compared to taxol) (Fig. 9 ) may lay extra emphasis on the powerful properties of doxorubicin to regulate transcription in a gene-specific fashion, as we had the opportunity to repeatedly encounter during the course of the present study. Based on the data presented here on Bcl-2, OPG and Survivin expression, it would be reasonable to recommend these genes as potent biomarkers of response to doxorubicin activity during chemotherapy of human bladder cancer [i.e. one could interestingly observe the drug-dependent expression profiles of Bcl-2 and Survivin in RT4 cells and OPG in T24 cells, in response to either doxorubicin or taxol cytotoxic activities (Fig. 9) ].
In summary, here, we have examined the cytotoxic effects of different concentrations of doxorubicin in the regulation of cell cycle progression and apoptosis in two human urinary bladder cancer cell lines of different malignancy grade (I and III), while we have also explored the possibility of using a group of genes as biomarkers of response to doxorubicin treatment in the same cancer cells. The presented data demon-strate that, depending on the dose administered, doxorubicin induces a G2/M and/or a G1/S cell cycle block in bladder cancer cell lines, followed by cell death through activation of both the membrane death receptor and the mitochondrial pathways of apoptosis. Grade-dependent activation of Caspase-8, Caspase-9, and finally Caspase-3, resulted in the cleavage of PARP, Lamin A/C, and Bcl-X L/S cognate protein substrates, whereas the observed drug-induced cleavage of Hsp90 (~65 kDa), exclusively detected in RT4 cells, could be likely ascribed to the action of Granzyme B. Furthermore, a drug-dependent reduction in the amount of the cytosolic trimeric form of FasL was observed.
Moreover, a group of 15 genes have been unveiled to exhibit a potent grade-dependent expression pattern, with their respective transcript levels demonstrating great differences in the two bladder cancer cell lines. This group includes Cyclin-E2, Cyclin-B2, Cyclin-F, p53, p63, p73 Based on their response to the clinically-relevant (1 μg/ml) concentration of doxorubicin treatment, the apoptotic genes studied here could be classified into three distinct categories: one, exhibiting a grade-independent pro-apoptotic response, including FasL, Bik, Bim and Caspase-3 (4 genes); a second, demonstrating a grade-dependent pro-apoptotic response, harboring TRAIL, Fas, DR4, DR5, Tweak-R, Caspase-8, Caspase-10, Bak-1, Bax, XAF-1, Puma, Bcl-2, Survivin and OPG, while also embracing p53 and p73 (16 genes); and a third, displaying a grade-dependent (in most cases) 'compensatory' reaction to the drug, containing DcR2, Bok, Bcl-X L , Mcl-1, FLIP, Smac/DIABLO, cIAP-1 and Caspase-9, also embracing p63 (9 genes). From all the genes studied here, certain subgroups could be selected for use in the evaluation of response of bladder cancer cells to clinically-relevant doses of doxorubicin, regardless of the tumor differentiation grade. Thereby, the most promising candidates, among others, seem to be Cyclin-B2, GADD45A, p73, FasL, Bik, Bim, TRAIL, Fas, Tweak-R, XAF-1, Bcl-2, Survivin, OPG, DcR2 and Bcl-X L (15 genes). Therefore, we believe that the development of such a small-scale gene profiling 'mini-microarray' tool ( Fig. 11) could undoubtedly detect responses to doxorubicin in human bladder cancer cells irrespective of malignancy grade, thus significantly contributing to the clinical management of the disease.
